Predicting accurate bond-length alternations (BLAs) in long conjugated oligomers has been a significant challenge for electronic-structure methods for many decades, * To whom correspondence should be addressed
Introduction
Bond length alternation (BLA) is a geometrical parameter defined as the difference in bong length between a single bond and an adjacent double or triple bond and is closely related to many optoelectronic properties of π-delocalized systems, including electronic (and hence optical) band gaps, 1,2 polarizabilities, 3,4 2-photon absorption efficiencies, 5 and photochromic properties. 6 Simple as it seems, accurately describing BLA is a challenge for many electronic structure methods. Trans-polyacetylene (referred to here as CC-II) is the most intensively studied system. It is well known that Hartree-Fock (HF) overestimates BLA in CC-II while schemes based on pure density functional theory (DFT), e.g. BLYP, 7, 8 leads to the opposite error. 9 In terms of post-HF methods, second-order Møller-Plesset (MP2) provides improved accuracy for CC(II) BLA, though this method slightly underestimates the BLA and overestimates the rate of decrease in BLA with increasing chain length [10] [11] [12] (see Figure 3 ), while spin-component scaled MP2 (SCS-MP2) 13 is in better agreement with CCSD(T). 11, 14 As underestimation of BLA by pure DFT approaches can be traced to self-interaction errors, 15, 16 self-interaction corrected DFT schemes 15 and global-hybrid 9, 11, 14, 17, 18 and range-separated hybrid functionals 10, 14, 19, 20 show improved performance. Interestingly, upon optimization of the range parameter (considered by some to be an unavoidable step 21 when studying π-conjugated materials), the rate at which BLA decreases with increasing chain length is severely overestimated. 16 Systematic studies over oligomeric series of several other polymers has allowed their division into three phenomenological categories: 14, 18, 22 In type-I oligomers (e.g. CSi-I, see Figure 1 ), the BLA decreases exponentially with chain length and rapidly converges to zero. Symmetric, type-II oligomers (e.g. CC-II) exhibit nonzero BLA for all chain lengths due to Peierls distortion. Finally, asymmetric, type-III oligomers (e.g. CN-III) present a large BLA for all chain lengths. A study published three years ago by one of us (CA) presented a thorough assessment of the ability of many DFT and wave-function methods to correctly describe BLA across these three categories of systems, using CCSD(T) as a reference. 14 Though trends in BLA errors for each method tested were found to vary significantly between different oligomer series, a few general trends were nevertheless iden- 
Double Hybrid Functionals
Following the pioneering studies of Ernzerhof 30 and Truhlar, 31 the first modern double hybrid functional, B2-PLYP, was developed by Grimme in 2006. 27 B2-PLYP, and related functionals can be expressed using a simple formula, similar to that used for global hybrids such as B3LYP:
where E
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are, respectively, the DFT-exchange and correlation energies, and 2014 TPSS TPSS 0.693 0.333 † a Co is the opposite-spin scaling factor for SCS and SOS MP2 terms (a c does not affect the MP2 terms, but (1 − a c ) still scales the DFT correlation).
‡ a Cs is the same-spin scaling factor for SCS MP2 terms. ¶ Uses B3LYP orbitals in MP2 term. § Uses SCS-MP2 term and D3 dispersion corrections.
Uses SOS-MP2 term with PBE0 orbitals.
Methods
Geometry optimizations were performed using the DHs shown in Table 1 with the exception of those for xDH-PBE0 which were computed using the GTlarge basis set.
Basis Set Effects
As the choice of basis set can significantly impact results, we performed tests on the 6-31G(d) basis set used in several studies on BLA to date, 14, 18, 22 as well as the larger (aug-)cc-pVTZ and (aug-)cc-pVQZ basis sets. Tests were performed with MP2 calculations, as these were found to be more sensitive to basis set than DH DFT methods, and should provide an indicator for the basis-set dependence of the more computationally demanding CCSD(T)
calculations. The results are shown in Figure 2 , highlighting a significant shift between 6-31G(d) and cc-pVTZ results for all three systems, which is particularly severe for CSi.
The impact of the resolution of identity (RI) approximation on BLAs obtained from RI-
MP2
52 was assessed and the MP2/cc-pVTZ and RI-MP2/cc-pVTZ curves were found to be indistinguishable, and hence the RI approximation was used in all subsequent CCSD(T) and MP2 calculations (but not in the MP2 part of DH calculations). For CC and CN, cc-pVTZ and cc-pVQZ curves are superimposed, and do not deviate significantly from aug-cc-pVTZ and aug-cc-pVQZ curves, while for CSi, cc-pVTZ does not deviate significantly from the augcc-pVTZ, cc-pVQZ and aug-cc-pVQZ curves, which are superimposed. This suggests that
BLAs obtained with cc-pVTZ are almost converged with respect to basis set, and will thus represent a good balance between accuracy and computational cost. As far as we aware, this is the first time that reference CCSD(T) calculations for a series of oligomers of increasing length have utilised the cc-pVTZ basis set for these systems.
Wave function results 
Double Hybrid Results
In order to assess the performance of each method, here we focus on the errors relative to In an attempt to rationalize DH performance, we looked for trends in MUEs, Mean
Signed Errors (MSEs) and M SE( ) accross all the methods tested. Pure DFT functionals are highlighted in red, (single) hybrid functionals in yellow, and DH functionals in green. ) and SIE11 errors vs the fraction of HF exchange and MP2 correlation (in the case of SCS-or SOS-MP2, the fraction of opposite-spin correlation) present in each DH. Dashed lines are linear fits to filled points, unfilled points are not included in the linear fit.
on delocalisation and BLA. 15, 16 MUEs across the SIE11 51 benchmark specifically designed to test self-interaction errors, for those DHs for which results are available 39 are also plotted in Figure 7 , confirming that the SIE errors are indeed decreased with increasing MP2 correlation and HF exchange. Interestingly, however, XYG3 and xDH-PBE0, the two functionals using non-self-consistent B3LYP and PBE0 orbitals, respectively, in their MP2 terms are outliers of the trends, providing much smaller M SE(
∆BLA ∆n
) than the trend would predict (however at the price of larger SIE MUE). It is also interesting to note that empirical and nonempirical groups (as defined in Table 1 
Conclusions
In this study, we assess the performance of several recently developed double hybrid functionals when applied to the challenging problem of describing bond length alternation in conjugated oligomers (in our case, oligomeric series of polyacetylene, polymethineimine and polysilaacetylene up to six units long). We perform a careful analysis of basis-set effects, and . xDH-PBE0 (N 4 scal-ing using SOS-MP2) emerges as a DH functional rivalling the BLA-accuracy of SCS-MP2
(N 5 scaling), which was found to offer the best compromise between computational cost and accuracy last time the BLA accuracy of DFT-and wavefunction-based methods was systematically investigated.
14 Our finding that xDH-PBE0 produces particularly accurate BLAs is consistent with previous studies indicating that xDH-PBE0 generally provides accurate geometries (which are slightly more accurate than PBE0-DH, PBE0-2 geometries). 53 DHs with the highest fractions of MP2 correlation and HF exchange were found to provide the most accurate 
